We show the effects of supersymmetric higher derivative terms on inflation models in supergravity. The results show that such terms generically modify the effective kinetic coefficient of the inflaton during inflation if the cut off scale of the higher derivative operators is sufficiently small. In such a case, the η-problem in supergravity does not occur, and we find that the effective potential of the inflaton generically becomes a power type potential with a power smaller than two. *
Introduction
Cosmic inflation [1] is the most plausible paradigm for the early universe, which solves the initial condition problems in the standard Big-Bang scenario. Especialy, the so-called slow-roll inflation models are favored by the recent results of cosmic microwave background (CMB) observations, because the models naturally predict the density fluctuation with a spectrum compatible with the data.
From a phenomenological and theoretical viewpoints, the inflation models in supersymmetric (SUSY) theory have been intriguingly studied so far. Supergravity (SUGRA) naturally appears as an effective theory of superstring, which is a possible quantum gravity theory, and therefore, the inflation in superstring theory may be described by SUGRA models.
In SUGRA, many non-renormalizable interactions appear due to the SUGRA effects, which play important roles in some cases. As non-renormalizable terms, terms including derivative operators more than two are also possible if ghost modes do not appear. Such a ghost free SUSY higher derivative term of chiral multiplets was found and studied in Refs. [2, 3, 4, 5, 6, 7] . Especially, it is known that the SUSY higher derivative terms studied in Ref. [2] appear in the Dirac-Born-Infeld type action [8] of a chiral multiplet, which is expected to be an effective action of the D3-brane in superstring theory [9] . The effects of such terms on inflation have been studied in some works e.g. [10, 11, 12] .
Due to SUSY, the higher derivative extension also provides some non-trivial terms, which are not expected. In our previous work [12] , we focused on the fact that such SUSY higher derivative terms provide quadratic kinetic terms of chiral multiplets with non-minimal kinetic coefficients. Then, even if the Kähler potential does not have terms of a chiral multiplet, it can be dynamical, and therefore, we discussed the case that the Kähler potential does not include the inflaton multiplet. As a consequence of non-minimal kinetic coefficients, we found that the scalar potential become a nontrivial form in terms of the canonically normalized inflaton. We also found that the so-called η-problem caused by the factor e K in F-term potential is absent in such a case.
It is natural to consider whether such effects work in the presence of the Kähler potential including inflaton multiplet. In this work, we will discuss such an issue. As we will show below, the non-minimal kinetic term can be dominant when the cut off scale of the SUSY higher derivative is sufficiently small (but, larger than the Hubble scale during inflation). Especially, we focus on the models with two chiral multiplets denoted by Φ and S with a superpotential f (Φ)S as in Refs. [13, 14] , in order to understand how the inflaton dynamics changes in the presence of such effects.
We will find that, under the assumption that the cut off scale is sufficiently small, the model in Ref. [12] is effectively realized and therefore the usual η-problem is absent. Interestingly, except for the case that the inflation potential is dominated by a constant term, the effective potential of the canonically normalized inflaton ϕ becomes V ∼ ϕ 2m/(m+2) (m ≥ 1). The value of m is determined by the structure of the potential as we will discuss in Sec. 4 .
The remaining parts of this paper are organized as follows. First, we will briefly review the ghost free SUSY higher derivative terms in Sec. 2. As we will find, such terms provide higher order terms of the F-terms, which cause a difficulty of solving the equations of auxiliary fields. We summarized the calculation for solving the equations in Appendix. A. By using the result, we will show the on-shell action with SUSY higher derivative terms in Sec.3 and find that non-minimal kinetic terms of chiral multiplets appear. Then, we will discuss the condition with which the non-minimal kinetic term sufficiently works. Under such a condition, we will find that the field value of the inflaton generically becomes smaller than the Planck scale. Taking into account such observations, we will investigate a property of the effective action in Sec. 4 , and find that the canonically normalized inflaton potential can only take a form mentioned above. Finally we will summarize this paper in Sec. 5.
Brief review of ghost free SUSY higher derivative terms
In this section, we review the ghost-free SUSY higher derivative terms studied in Refs. [2, 4, 10] . 1 Especially, we focus on the higher derivative term which is independent of the difference of the SUGRA formulations, such as the old-, new-, and non-minimal one. To clarify the universality of the following discussion in different SUGRA formulations, we discuss the higher derivative term in conformal SUGRA [17, 18] , in which the different formulations are understood as the conformal SUGRA with different compensator multiplets [18] . The ghost-free SUSY higher derivative term can be written as follows,
where [· · · ] D denotes the D-term density formula [19] , Φ andΦ denote the chiral and antichiral matter multiplets with the Weyl (w = 0) and chiral weight (n = 0) respectively, T IJKL (Φ,Φ) is a real function of Φ andΦ, I, J (K,L) are indices of (anti-)chiral multiplet, and D α is the superconformal spinor derivative with a spinor index α defined in Ref. [20] . 
where g = detg µν and g µν is the spacetime metric, F I denotes the F-term of the chiral multiplet Φ I and we use same letter for a multiplet Φ and its scalar component. We emphasize that, in Eq (2.2), S HD contains not only higher derivative terms (∼
. The quadratic derivative terms are the most important part in the following discussion.
We also note that there are quartic couplings of F-terms in Eq. (2.2), and then the equation of motion (E.O.M) of the auxiliary field F I becomes a cubic equation. Therefore, the on-shell action is not uniquely determined unlike the case without any higher derivative couplings. In the following discussion, we will choose the solution of E.O.M of F-term not containing any singularities at the limit T IJKL → 0.
For concreteness of the following discussion, we consider models in the old minimal SUGRA formulation, which corresponds to the conformal SUGRA models with a chiral compensator. The general action of chiral matter multiplets without any higher derivative terms is written as
where S 0 denotes the chiral compensator with (w, n) = (1, 1), K is the real function of Φ andΦ called Kähler potential, and W is the superpotential which is a holomorphic function of Φ. The bosonic part of the action (2.3), denoted by S m , is
where R is the Ricci scalar,
, b µ and A µ are gauge fields of the dilatation and U(1) A symmetry respectively, K I = ∂ I K, W I = ∂ I W , and K IJ = ∂ I ∂J K. As the superconformal gauge fixing conditions, we choose the following conventional ones [19] to obtain the action in the Einstein frame,
After substituting the conditions, because of the absence of the compensator dependent terms in Eq. (2.2), we can integrate out A µ , F S 0 , and its conjugate and obtain the partially on-shell action as follows,
where
Summing up S HD and S m , we obtain the total bosonic action we will discuss as,
It is difficult to solve the E.O.Ms of F-terms in this generic action (2.7), and so we will discuss the on-shell action of a more specific model in Sec.3 and Appendix A.
The effective kinetic coefficient during inflation
In this section, we show that if the higher derivative term becomes sufficiently large, the running kinetic inflation [22, 23] occurs generically with a particular kinetic coefficient. As shown in the previous section, the SUSY higher derivative terms generically contain kinetic terms of scalars with non-minimal coefficients (see Eq. (2.7)). The coefficients are proportional to the F-terms, and at least one of the F-terms should have a non-zero value during inflation. Therefore, the kinetic term of inflaton becomes non-minimal if the inflaton multiplet couples to the SUSY breaking multiplet in SUSY higher derivative terms.
To clarify our statement, we consider a model with two chiral multiplets Φ and S with the following Kähler potential, for simplicity,
where K 1 and K 2 are real functions of Φ and S respectively. Then the total system (2.7) becomes as follows,
We assume that |D S W | ≫ |D Φ W | during inflation, that is, S plays the role of the SUSY breaking multiplet, and S is stabilized during inflation, i.e. |∂ µ S| 2 ∼ 0. Under these assumptions, we can solve the E.O.Ms of F S and F Φ . We show the detailed analysis of solving the E.O.Ms in Appendix A.
From Eqs. (A.15) and (A.18), we obtain the following on-shell Lagrangian of the inflaton Φ,
where we have omitted the terms including D Φ W and ∂ µ S because they are assumed to be small during inflation, and B ≡ K SS − 64T ΦSΦS |∂ µ Φ| 2 . In the following discussions, we focus on the slow-roll inflation models, and then the effective Lagrangian (3.3) of the inflaton Φ is approximately expressed as,
where we have used the approximation B ∼ K SS and neglected the last term on the first line in Eq. (3.3). Let us focus on the kinetic term of the inflaton in Eq. (3.4) given by,
As we discussed, the kinetic coefficient of the inflaton includes the contribution from the SUSY higher derivative terms, which depends on a part of the scalar potential
In the case that T ΦSΦS ∼ O(1), the correction is negligibly small when e K/2 |D S W | ≪ 1. However, this statement is not correct in the case of T ΦSΦS ≫ 1, which means the cut-off scale of the higher derivative correction is sufficiently smaller than the Planck scale M pl = 1. Let us consider the case in which T IJKL = c IJKL /M 4 where c IJKL is a positive constant and M is the cut-off scale.
Let us quantify how small M is required to affect the kinetic coefficient of the inflaton. The condition M should satisfy is,
where H is the Hubble parameter, and then the condition (3.7) reads M < √ H. On the other hand, M should be larger than the Hubble scale H for consistency of the effective theory. Therefore, for M satisfying H < M < √ H, the correction originated from SUSY higher derivative term affects the kinetic term of the inflaton. Especially, for H < M ≪ √ H, the kinetic coefficient is dominated by the correction
Note that the last term in Eq. (3.4) gives negative contribution to the scalar potential and therefore we have to require the following condition to realize a successful inflation,
and so we assume c SSSS = 0 in the following. Under those assumptions, we finally obtain the following action,
We find that the effective action is very similar to the one in a model suggested in our previous work [12] . In our previous model, we have assumed the absence of the Kähler potential term of the inflaton Φ, that is, K 1 (Φ,Φ) = 0 in Eq. (3.1) and the Volkov-Akulov property S 2 = 0 for S [24, 25] . Surprisingly enough, in the present case, we do not require such conditions, however, the model in Ref. [12] is effectively realized. We note that the kinetic term of the inflaton becomes a standard one −K ΦΦ ∂ µ Φ∂ µΦ after the inflation ends and V ∼ e K |D S W | 2 becomes small, unlike the case of Ref. [12] . The property is the same with the one of the running kinetic inflation [22, 23] .
Let us discuss a generic property of this inflation model. Due to the non-minimal kinetic coefficient, the effective potential in terms of the canonical normalized scalar seems to be different from the one in terms of the original scalar field Φ andΦ. The kinetic term of the inflaton can be rewritten as
where we have used
The canonical normalized scalar fieldΦ is related with Φ asΦ
We assumed M 2 ≪ H to realize the effective running kinetic term, and then, the large field value of |Φ| can be realized even with the small field value of |Φ| due to the enhancement factor H/M 2 . For example, with H ∼ 10 −4 and M ∼ 10 −3 , the enhancement factor becomes H/M 2 ∼ 10 2 . To realize the large field value of |Φ| ∼ O(10), the field value of |Φ| is required to be O(0.1). In such a case, the η-problem caused by the factor e K does not occur.
Universal properties
In this section, we show a concrete example to describe the mechanism we have discussed in Sec. 3. Here, let us consider the model with the following Kähler and super-potential terms,
where ζ is a real constant, and f (Φ) is a holomorphic function of Φ. Due to the quartic coupling of S in (4.1), S obtains a mass heavier than the Hubble scale during inflation as in the case of Refs. [13, 14] . Then, S is stabilized at S = 0, and we obtain the following effective action (3.9),
where we have used D Φ W = W = 0. As we show in Sec. 3, even if the field value of the canonical normalized scalar |Φ| is transPlanckian one, that of |Φ| can be smaller than the Planck scale because of the enhancement factor H/M 2 ≫ 1. In such a case, the scalar potential can be expanded with respect to Φ andΦ as
and we have defined φ and χ as Φ = φ + iχ. For simplicity, we assume Imα = Imγ = 0 which can be realized when the parameters in super-and Kähler potential are real. Then, the scalar potential (4.4) becomes
We identify φ as the inflaton, and then the effective action of the inflaton at χ = 0 is
More general expression (4.10) is given by
where V n (0) = ∂ n φ V | φ=0 /n!. The canonically normalized inflaton ϕ is determined by the dominant part of the scalar potential V = ∞ n=0 V n (0)φ n , and in the case that the dominant part is V m (0)φ m , ϕ is effectively expressed as
In the case that the dominant part of the inflaton potential is given by V 0 (0), ϕ ∼ Cφ where C is a constant, then the scalar potential becomes V (φ) ∼ V (ϕ/C) and the functional form is not changed. However, for m = 0, the scalar potential is effectively given by
Surprisingly enough, the effective potential (4.12) is one in the simplest chaotic inflation with the power 2/3 ≤ 2m/(m + 2) < 2. As an example, we consider the model witĥ
where λ is a real parameter. Then, the action of the inflaton φ at S = χ = 0 becomes
In this case, the leading order of the inflaton potential is λ 2 φ 2 for φ ≪ 1, which corresponds to the case with m = 2 in Eq. (4.12), and therefore the effective potential (4.12) is expected to be a linear potential ϕ. Choosing the parameters as
we numerically solved the equation of motion for φ, and obtained the following values of the spectral index n s and the tensor to scalar ratio r, n s = 0.975 r = 0.0669 (4.17) where these values are ones at N = 60 and N denotes the number of e-foldings. The values of n s and r are the same with that of a linear potential respectively, as we expected. The ratio between Hubble scale and M in this case is M/H = 37.6, and therefore the cut off scale is much larger than the Hubble scale. Another property of our models is the existence of at least one light scalar field. We assumed that χ which is a imaginary part of Φ. In a broad class of the SUGRA inflation models, scalar fields are stabilized during inflation by the Hubble induced mass m ∼ H from the factor e K in the F-term potential. However, due to the enhanced kinetic coefficient of χ, the mass of χ becomes smaller than H during inflation. Then, the light mode χ also quantum mechanically fluctuates, which leads to an isocurvature perturbation. In the case that χ dominates the energy density of the universe and decays to other light elements after reheating by φ, the isocurvature mode can be an adiabatic one. Then such a curvature perturbation generically has the non-Gaussian property. It is interesting to discuss such a scenario, however it beyonds the scope of this paper. We will investigate such scenarios in future.
Summary
We have investigated the effects of SUSY higher derivative terms on inflation models. Especially, we have focused on the models with two chiral multiplets, in which the Kähler and superpotential are given in Eqs. (4.1) and (4.2).
Our assumptions are summarized as follows. The action contains ghost free higher derivative terms (2.1) and the coefficients are T IJKL = c IJKL /M 4 , where the cut off scale M satisfies the condition H < M ≪ √ H. To avoid the negative energy during inflation, a coupling constant c SSSS in Eq.(3.4) is set to be zero or sufficiently small.
Under those assumptions, the non-minimal kinetic coefficient, induced by SUSY higher derivative terms, becomes the dominant part of the coefficients as shown in Sec. 3. Then the kinetic term of the inflaton is effectively expressed as −c ΦSΦS (V /M 4 )|∂ µ Φ| 2 where V = 3H 2 is the scalar potential and H 2 /M 4 ≫ 1. As in the case of the running kinetic inflation [22, 23] , the kinetic term of the inflaton multiplet becomes a standard one after the inflation, however, the non-minimal kinetic term drastically changes the inflaton dynamics during inflation. In Sec. 3, we have found that even if the canonical normalized scalarΦ takes a field value larger than the Planck scale, the field value of Φ can be smaller than the Planck scale. Therefore, one can expand the scalar potential with respect to Φ and find the expression given in Eq. (4.4). Except for the case that a constant term is the dominant part during inflation, the effective potential only can takes a form V ∼ ϕ 2m/(m+2) where ϕ is the canonically normalized inflaton and m ≥ 1. This surprising and predictive result is almost independent of the function f (Φ), and is originated from the structure of the SUSY higher derivative terms. The potential V ∼ ϕ 2m/(m+2) with a small m predicts the cosmological parameters compatible with the latest Planck results [26] , and will be tested by future CMB observations. 
A Integration of the F-terms
We show the derivation of the on-shell action including the higher order terms of F-terms in models with two chiral multiplets Φ and S discussed in Sec. 3. As shown in Eq. (2.7), the SUSY higher derivative action includes the quartic couplings of F-terms. The E. O. M of
The equations are complicated and difficult to solve them, therefore we assume the following conditions mentioned in Sec. 3,
Then, Eqs. (A.1) and (A.2) are reduced as
By multiplying D Φ W and D S W to Eqs. (A.5) and (A.6) respectively, we obtain the following equations,
In Eqs. (A.7) and (A.8), all the quantity other than X and Y are real, and therefore X and Y should also be real. Then, we obtain the following equations with respect to X and Y ,
We seek the solutions for X and Y which are continuously connected to the ones without SUSY higher derivative terms To make the discussion simple, we expand the solution (A.12) with respect to C in the same way discussed above, and obtain the approximated value of Y as
(A.14)
From Eq. (A.14), we obtain,
(A.15)
We can also solve Eq. (A.9) with Eq. (A.14), and obtain the following solution, (A.18)
The solutions (A.14) and (A.17) are consistent with our approximation, with which we neglect the second term in the parenthesis of Eq. (A.10) under the assumption |D S W | ≫ |D Φ W |.
